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Abstract 
CdS polycrystalline thin films have been used as window layer in solar cells; the quality of the CdS-partner plays an 
important role in the photovoltaic device performance. CdS thin films were deposited using Chemical Bath Deposition (CBD) 
and photoassisted-CBD technique. The SnO2:F substrates used in this work were treated with HCl (0.1M) and some of them 
were annealed in different atmospheres (Ar and O2). The properties of CdS thin films were influenced by the HCl treatment, 
position and the movement of substrates inside the reactor glass. CdS samples were deposited in areas of 4 cm2, 50 cm2 and 100 
cm2; obtaining thin films with thickness of 35 - 300 nm with good crystalline quality and uniform morphology. All samples 
presented optical transmittance around of 85 - 91 % and average gap energy of 2.5 eV. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of The European Materials Research Society (E-MRS). 
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Introduction 
 CdS thin films as window material is the most used in thin film photovoltaic solar cells technology (CdTe, 
Cu(In,Ga)Se2, Cu2ZnSnS4).  The thin films solar cells technology requires deposition methods to ensure simplicity, 
low production cost and high efficiencies. Chemical bath deposition has proven to be one of these methods. 
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The efficiency is influenced by the transport of charge in the hetero-junction between both, the window and
absorbers materials when solar cells are fabricated. CdS as window material must be free of defects such as
intergranular caves and pin-holes [1]. The record efficiency into CdS/CdTe Solar cells are 18.7 % laboratory level
and 16.1% in solar panels >2@. These efficiencies, however, are well below the theoretical limit of about 30%
calculated >3@. ZnO/CdS/CIGS thin-film solar cells have a new record efficiency of 20.4% and record efficiency 
based CZTSSe solar cells close to 10% value [4, 5]. Greater improvements in current collection can be achieved by
using thinner CdS window layers. Chemical bath deposition (CBD) technique is well suited for producing large-
area thin films for solar energy applications, and the number of possible materials to be produced through this
technique is bound to multiply in subsequent years; this is due to the feasibility to produce multilayer films. CBD
has demonstrated to be a simple and low cost technique to prepare CdS films as optical window for solar cells.
Many options are required to improve CBD for technological applications. Other authors use an additional
illumination by halogen lamp during the growth of films >6, 7@; all in order to improve the physical properties of 
CdS thin films. In aim this work is to study the impact on the main physical properties of the CdS thin films 
deposited by chemical bath deposition technique (CBD) using substrates with different thermal treatments and
under different growth conditions with the porpoise to obtain adequate CdS thin films to be used in large areas
solar cells technology.
Experiment
CdS semiconductor thin films were deposited on SnO2: F substrates (TCO) by CBD and photoassisted-CBD
(P-CBD) technique, for the last we used a halogen lamp with a density power of 100mW/cm2. As precursor 
solution we used CdCl2 (0.1M), NH4Cl (0.2 M), NH3 (2 M) and (NH2)2CS (0.3 M). Some substrates were treated
with HCl (0.1M) during 30 min, and others were annealed at 500°C in different atmospheres (Ar, O2 and air). Bi-
layers of CdS with deposition time of 10 min. at 75 ± 2 °C were obtained. Fig. 1a shows the glass reactor with the
substrates inside it and in fig. 1b the illumination set is shown. The substrate were placed in four positions (named 
A, B, C and D) respect the radiation incidence; we used a distance (x) between the substrates and a UV lamp of 
10 cm. CdS thin films were obtained in areas of 4 cm2, 50 cm2 and 100 cm2. All the CdS thin films, deposited with
4 cm2 were bi-layers, whereas mono-layers were deposited on area of 50 and 100 cm2.
Fig. 1. CBD arrangement, (a) Glass reactor with the substrates inside of this, (b) Substrate positions with respect the light lamp incidence.
The structural characteristics of the samples were determined by the X-ray diffraction patterns (XRD), by means of 
a D-500 Siemens X-ray system using the CuKD line. The layer thicknesses were measured with a step profiler 
(Sloan Dektak II).  Morphological analysis was made using a scanning electron microscope (SEM) JEOL JSM-
6300 model with a voltage of 5 kV, allowing a resolution of 2nm, and an Innova Veeco AFM, using contact mode 
with phosphorus tipped (n) doped with Si. Optical properties were obtained using a Shimadzu UV 2401-PC
spectrometer. CdS/CdTe solar cell were completed using CdTe thin films (thickness of 4 μm) deposited by Close
Space Vapor Transport (CSVT). The CdTe thin films were also thermally treated with CdCl2; we used as back 
contact, two evaporated layers of Cu and Ag (20 Å and 350nm, respectively) with an area of 0.08 cm2 onto the 
CdTe later annealed at 180 °C in Ar.
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Results 
 Table 1 shows the thickness dependency of the films on the technique used and position of the substrate. The 
deposition time and substrate temperature were kept constant in all deposits. As it can be seen, P-CBD-CdSA,C,D 
samples show a greater thickness than CBD-CdS samples. This behavior can be explained because the radiation 
from the lamp increases substrate temperature and therefore the growth rate of the films. The thickness of P-CdSB 
sample is smaller than the sample P-CdSA, this behaviour was repeated all time. This characteristic may be because 
the precursor solution is poured into the reactor glass between to the bottom of the A and D position; considering 
that the solution was spinning due to magnetic stirrer from A position to D position the solution comes in front of 
the TCO substrate (A, C, D positions); by B position case the solution arrives first at the back of the TCO. The 
external heating may be change the Cd and S incorporation ions on the TCO surface, for B position the Cd and S 
ions colliding first with the back of TCO. Chemical quantification measurements reveal that for P-CdSA,C,D 
samples the sulphur (S) atomic quantity increased in 14% compared with CdS samples; but it was not the case for 
CdSB and P-CdSB samples, here  the sulphur quantity did not change.  
Table 1. Dependence of CdS thickness on CDB and P-CBD and substrate position 
Position Samples Thickness (nm) 
A CdSA 75 
P-CdSA 105 
B CdSB 79 
P-CdSB 59 
C CdSC 87 
P-CdSC 102 
D CdSD 98 
P-CdSD 102 
  
 Table 2 shows the influence of different growth conditions and substrate treatments on the layers thickness. 
The samples named as CdS-M35 and CdS-M52 were deposited by rotating the substrate holder at 35 and 52 rpm, 
respectively, while the samples named as CdS-HCl, CdS-Ar and CdS-O2 were deposited under TCO substrates 
previously etching in HCl or treated on Ar or O2 ambient. The movement substrate holder produces an increase on 
the CdS thickness. CdS thickness increases as deposit time increases. Comparing the samples obtained, it is 
observed that the thermal annealing in oxygen causes an increasing in the samples thickness. 
 
Table 2. CdS thin films thickness influenced by additional treatment on TCO substrates. 
 
Sample Area(cm2) Deposited Time (min) Thickness (nm) 
CdS 4 10 125 
CdS-HCl 4 10 120 
CdS-M35 4 10 120 
CdS-M52 4 10 140 
CdS1 monolayer50 50 15 153* 
CdS2 monolayer50 50 10 113* 
CdS2 monolayer50 50 20 268* 
CdS2 monolayer100 100 14 38* 
CdS-Ar 4 5 50 
CdS-O2 4 5 62 
P-CdSA 4 5 50 
P-CdSA-HCl 4 5 63 
P-CdSA-Ar 4 5 69 
P-CdSA-O2 4 5 83 
                                                                                  1 magnetic stirrer of 0.8 cm;   2 magnetic stirrer of 2 cm; *Average (see Fig. 2) 
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  Fig. 2 shows the CdS thickness variation in areas of 50 cm2 and 100 cm2; for this characterization, the 
thickness was measured 10 points along the CdS sample. Points named 0 and 10 are referred with the bottom and 
the sample top inside the glass reactor respectively. Comparing figs.2 (a-c), the samples obtained exhibit greater 
variation in thickness when a small magnetic stirring (0.8 cm) is used, which origin that there is no sufficient 
agitation to allow the CdS solution was homogeneous and then there is a greater movement of fluid in the bottom 
than at the; previous results (see Table 2), the additional movement generates the CdS films have greater thickness. 
On the other hand, the pressure inside the glass reactor increases as a function of the height due to the fluid column 
[9]. Figs. 2(b, c, d) show that by using a larger magnetic stirring causes the sample thickness is more uniform along 
this.The results of fig. 2 are very important because we can determinate the growth parameters to obtain 
homogeneous CdS thin films in areas of 50 cm2 and 100 cm2 (see fig. 2d). These films should be used in the solar 
cells development. 
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Fig.2.  (a) CdS1monolayer50 (15 min.)(b) CdS2 monolayer50 (10 min.) (c) CdS2 monolayer50 (20 min.) (d) CdS2 monolayer100 (14 min.). 
 
 Fig. 3 shows the transmission spectra of some different CdS samples grown under different conditions using 
CBD and P-CBD. All samples have an optical transmittance average in the range of 85 – 91 % and present 
multiple reflections that suggest a good crystalline quality and average gap energy of 2.5 eV. Comparing Figs. 4 (a, 
f) CdS thin films grown by P-CDB technique present a better defined absorption edge. 
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Fig. 3.  (a) CdS, (b) CdS-M35, (c) CdS-M52, (d) CdS-HCl, (e) CdSmonolayer50 (15 min), (f) P-CdS, (g) P-CdS-HCl, P-CdS-Ar and P-CdS-O2. 
 
  Fig. 4 shows AFM images of TCO substrates with different treatments previous the CdS and P-CdS 
growth. Fig. 4a shows a TCO without treatment with average grain size about 35nm; after treating the TCO 
substrates with HCl the grain size changed in average to 18 nm, in this last case we obtained more capture centres 
(see fig. 4b). Ar treatment changed the size grain in TCO substrate to 29 nm and finally the O2 not produces any 
appreciable change (see fig. 4 c, d). 
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Fig. 4. (a) TCO without treatment (b) TCO treated with HCl (c) TCO with Ar treatment and (d) TCO with O2 treatment.
Figs. 5(a, b, c) show AFM images of CdS thin films deposited by using CBD technique and figs. 5 (c, d) show 
samples obtained by P-CBD technique; in this images we can appreciate the morphology properties of the samples.
The morphology is influenced by the parameters used during the growth. Comparing these images we obtained the
grain size changed; fig. 5a shows a CdS sample without treatment, this sample presents a grain size about 25 nm,
CdS-HCl and CdS-M35 have a grain size about 36 nm and 24 nm respectively (see figs. 5b, 5c); for CdS-HCl the
grain size increases and then we have a better morphology in the sample. Finally fig. 5d shows a P-CdSA (grain
size 32 nm) and fig. 5e P-CdSA-HCl (grain size 30 nm). P-CdSA morphology compared with CdS is very different;
in this case the growth is not uniform. Analysing the morphological properties, CdS-HCl is the best sample from 
morphology and cheaper process point of view.
Fig. 5. (a) CdS, (b) CdS-HCl, c) CdS-M35, (d) P-CdSA and (e) P-CdSA-HCl.
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 Table 3 show the grain size average of TCO treated with different inert atmospheres and CdS thin films 
deposited onto these TCO substrates using CBD and P-CBD. P-CdSA-Ar and P-CdSAO2 AFM images are not 
included in fig. 5 because their grain size and morphology are similar to P-CdSA-HCl.   
Table 3. Grain size averages of TCO and CdS thin films. 
 
Sample Grain size average (nm) 
TCO 35 
TCO-HCl 18 
TCO-Ar 29 
TCO-O2 35 
CdS 25 
CdS-HCl 36 
CdS-M35 24 
CdS-Ar 27 
CdS-O2 24 
P-CdSA 32 
P-CdSA-HCl 30 
P-CdSA-Ar 31 
P-CdSA-O2 29 
 
 Fig. 6 shows a typical XRD pattern of CdS thin film with (002), (112) and (004) phases, identified with 
JCPDS 41-049 star quality. Fig 6(a, b) show there no change in CdS phase regardless if used or not HCl; Fig. 6 (c, 
d) show an additional peak related with monoclinic sulphur,  these results are consistent with data obtained from 
chemical composition of elements. 
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Fig. 6. (a) CdS, (b)CdS-HCl, (c) CdS-M35 and (d) P-CdSA 
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 CdS-HCl thin films had the best physical properties making them candidates for use in solar cell technology. 
We have processed a CdS/CdTe solar cell in order to evaluate the photovoltaic efficiency. Figs. 7(a, b) shows the 
IV curves of the CdS/CdTe cell; we use a CdS and CdS-HCl thin films respectively; the photovoltaic efficiency 
increase from 5.2% to 7.7%. 
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Fig. 7. IV characteristics of CdTe solar cells (a) CdS/CdTe and (b) CdS-HCl/CdTe 
 
 Conclusions 
 
 CdS thin films were deposited by CBD and P-CBD techniques considering different areas (4 cm2, 50 cm2 
and 100 cm2), we used TCO substrates treated with HCl, Ar and O2. In general is not a good idea rotate the 
substrates inside the reactor glass because the optical transmittance falls (75 – 80 %), the rest of CdS samples 
showed transmittance values around to 85 – 91 % with multiple reflections that suggest good crystalline quality. 
The CdS grain size is increased when is used TCO substrates previously treated with HCl; probably this treatment 
can reduce the lattice stress generated with the CdTe coupler where an increasing in the final solar cell is obtained. 
On the other hand CdS thin films deposited by P-CBD technique apparently growth with a fewer defects in 
comparison with CdS thin films deposited by CBD technique, but in this case is necessary to use an halogen lamp. 
We obtain CdS thin films with good physical properties, these samples can be used as window material in CdTe, 
CIGS and CZTS solar cells to improve the photovoltaic efficiency. 
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